Understanding gene regulation is of fundamental importance to virtually all biological systems. A gene is regulated through cis-acting regulatory DNA sequences (elements) in conjunction with trans-acting regulatory proteins. The cis-acting regulatory elements involved in transcription include, for example, the promoter, enhancer, silencer, specific activator binding sites, and specific repressor binding sites, whereas the trans-acting regulatory proteins include basic transcription factors, activators, repressors, coactivators, and corepressors. For the quantitative analysis of transcriptional regulatory elements, a variety of reporter vectors have been developed based on firefly luciferase and Renilla luciferase, chloramphenicol acetyltransferase (CAT), β-galactosidase, β-glucuronase, β-lactamase, alkaline phosphatase, human growth hormone (hGH), and green fluorescent protein (GFP) (1-11). Luciferase reporter vectors have become the vectors of choice for most investigations because of the availability of rapid and sensitive luciferase assay systems (1).
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Most of the currently available eukaryotic promoter-detection vectors carry only a single reporter gene. The use of such a vector can generate erroneous results due to the variability in transfection efficiency (intracellular copy number) in different samples of transfected cells. Many individual factors can affect the transfection efficiency of a plasmid, including contaminating nucleases, endotoxins, and salts in DNA preparations. Dispensation of variable amounts of DNA during pipetting of small quantities of DNA can also influence transfection efficiency. The size of a plasmid also plays a role in transfection because some smaller plasmids can enter cells more efficiently. To minimize the error due to variable transfection efficiency, current protocols generally use a second control plasmid to normalize the data for the test plasmid. The normalized value of the test plasmid data is usually expressed as a percentage of the control plasmid data. However, the use of a control plasmid cannot completely eliminate variability in transcription efficiency because of contamination of individual samples and the variable quantity of individual plasmid from sample to sample. To solve this problem, which is associated with the use of two plasmids, Park (1) developed a promoter-detection vector, pJDL cmv , which carries both the firefly and Renilla luciferase genes. However, the two luciferase genes in this vector transcribe in the same clockwise direction, thus possibly expressing any fragment cloned upstream of the firefly luciferase gene due to "leaky" transcription from the cytomegalovirus (CMV) promoter driving the Renilla luciferase gene. For instance, Giannakis et al. (12) have described readthrough Figure 1 . Structure of the eukaryotic promoter-detection vector pFRL2. pFRL1 (not shown) was constructed by cloning the 2.3-kb BglII-BamHI fragment carrying the Renilla luciferase gene from pRL-CMV into the pGL3-Basic vector so that both genes were in the same orientation. This strategy could not produce clones with genes in opposite orientations, probably due to instability from duplication of the same long poly(A) signal after the firefly and Renilla luciferase genes in pRL-CMV and pGL3-Basic. pFRL2 (shown) was constructed by cloning the 2.0-kb BglII-XbaI (blunt-ended) fragment of pRL-CMV carrying the Renilla luciferase gene into pGL3-Basic digested with BamHI (blunt-ended) so that the luciferase genes would transcribe in opposite orientations (arrows). The sequence of multiple cloning sites (MCS) is shown. Arrowhead, the orientation of the T7 phage promoter. CMV, cytomegalovirus. Figure 2 ). Thus, any result obtained by using pJDL cmv could be subject to misinterpretation. To eliminate the problem associated with leaky transcription, we sought to construct a promoter-detection vector carrying the luciferase genes in opposite orientations.
Improved eukaryotic promoter-detection vector carrying two luciferase reporter genes
We cloned the Renilla luciferase gene from pRL-CMV (Promega) into the pGL3-Basic vector to construct pFRL1, which is equivalent to pJDL cmv (1) and carries both genes in a clockwise orientation. Similarly, we constructed pFRL2, in which the Renilla and firefly luciferase genes are transcribed in opposite orientations (Figure 1 ). We then compared the basal level of transcription of the firefly luciferase genes in pGL3-Basic, pFRL1, and pFRL2.
We transfected Caco-2 human colon carcinoma cells with different amounts of individual vector to determine the experiment-to-experiment variation in the basal level of firefly luciferase transcription in each vector. To normalize the luciferase activity in pGL3-Basic, we cotransfected pRL-CMV. Relative firefly luciferase activities were determined after normalizing the data based on the Renilla luciferase activity for each sample ( Figure 2A ). As expected, the results show that the basal level of transcription for pFRL1 and pFRL2 is consistent for all concentrations of DNA; however, the level of basal transcription is much (>3.5-fold) higher for pFRL1. The results also show that the level of basal transcription is dose-dependent in pGL3-Basic, presumably due to variation in the intracellular copy number. These results suggest that pFRL2 would be the best among these three vectors for eukaryotic promoter analysis.
To evaluate the efficacy of the promoter-detection vectors pGL3-Basic, pFRL1, and pFRL2, we cloned the proximal 2.5-kb promoter region of the human intestinal alkaline phosphatase (IAP) gene, an enterocyte differentiation marker, into these vectors, thus generating pIAP-2574/-49, pFRL1-IAP1, and pFRL2-IAP1, respectively. The IAP gene is activated by thyroid hormone (T3) (13) . T3 mediates its action through its nuclear receptor, which binds as a transcription factor to DNA cis-elements named thyroid hormone-response elements (TREs). For various amounts of transfected reporter plamid, T3 activation was determined by finding the ratio of the relative firefly luciferase activities with and without T3 ( Figure 2B ). The results show that the activation ratio in the case of pIAP-2574/-49, the derivative of pGL3-Basic, varies from 32-to 67-fold, thus rendering the interpretation of results very difficult. However, the activation ratio is consistent at approximately 15-and 6-fold in the cases of pFRL2-IAP1 and pFRL1-IAP1, respectively. The lower activation ratio in pFRL1-IAP1 is mostly due to an increased basal level of transcription in pFRL1-IAP1, which is approximately 4-fold higher (data not shown) compared to that of pFRL2-IAP1. This result is consistent with the higher level of basal transcription of firefly luciferase associated with the pFRL1 vector. T3-induced activation of the endogenous IAP gene as determined by Northern blot analysis (data not shown) also approximates the values achieved by transfection assays using pFRL2-IAP1 and pFRL1-IAP1. Thus, it appears that the use of a single dual-luciferase reporter vector yields more reliable results than normalization via separate vectors. Furthermore, the lower basal transcription of the firefly luciferase gene in pFRL2 makes it more suitable than pFRL1 for promoter analysis. Even so, the existence of extra regulatory elements of the CMV promoter in pFRL2 may unduly influence the activity of a weak test promoter by squelching the basic transcription machinery or even by competing for sequence specific transcription factors. In addition, the vector may not be suitable for studying the effects of any activator or repressor that affects the activity of both the test promoter and the CMV promoter.
To test the efficacy of pFRL2 for promoter analysis, we then evaluated derivatives of pFRL2 carrying different 5′ deletions of the IAP promoter to localize the TRE in the IAP promoter. We deleted 1.83 kb from the 5′ end of the IAP promoter to construct pFRL2-IAP5, which carries the IAP promoter region between -750 and -49 in relation to the ATG start codon. A larger deletion created pFRL2-IAP6, which carries the -616 to -49 region of the IAP promoter. We separately transfected Caco-2 cells with these plasmids, measured the firefly luciferase activity for each sample, normalized based on the Renilla luciferase activity, and determined the activation ratio (T3+/T3-) ( Figure 2C ). The data show that T3-induced activation is lost in the case of pFRL2-IAP6, thus indicating that the TRE in the IAP promoter is localized in the 135-bp region between -750 and -616. Using electrophoretic mobility shift assay and in vitro site-directed mutagenesis, we also confirmed the existence of a functional TRE between -632 and -612 (data not shown). We conclude that pFRL2 is a very useful vector for studying eukaryotic promoters, reducing the problems of copy number variation and leaky transcription that are associated with other eukaryotic promoter-detection vectors.
